We have recently noted marked differences between the in vitro responses of human B lymphocytes to stimulation with soluble antigens vs. stimulation with mitogens. In the present study, these differences were analyzed in terms of the precursor frequencies for the T cells and B cells involved and in terms of the radiation sensitivity of the T cells providing help in the two systems. Marked differences were found between antigen-induced and mitogen-induced systems with regard to T cell precursor frequencies and radiation sensitivity. In contrast, the precursor frequencies for the B cells involved in the two systems were approximately the same. In addition, having developed a system for the study of human antigen-specific B cell responses, we were interested in delineating the nature of the allogeneic effects that might be operative in this system. Marked allogeneic effects, both positive and negative, were noted in this system and will need to be taken into account in any studies that try to address the question of the genetic restriction, if any, that exists in human antigen-specific T cell-B cell collaboration. Appreciation of the marked differences between the antigen-specific and mitogen-induced activation and immunoregulation of human B cell responses will be of importance in understanding the relationship between specificity and nonspecificity of antibody production in normal and disease states. 30 March 1983. to study human B cell function in vitro, considerable interest has centered around the precise nature of the T cell regulation of human B cell responses in both polyclonal and antigen-specific assay systems. Unfortunately, there have been conflicting data among sev-. eral of these systems (1-10). Of particular note has been the divergence of results with regard to the radiosensitivity of T cell help and the relative contributions of allogeneic effects in the mitogen-induced vs. antigen-induced human B cell systems. Disagreement with regard to this latter point has led to difficulty in delineating the precise nature of genetic restrictions in T cell-B cell collaboration in antigen-specific responses as well in appreciating the scope of allogeneic effects in co-culture experiments now commonly used in the study of patients with immunemediated or immunodeficiency diseases.
INTRODUCTION
T cell regulation of B cell reactivity is an area of major interest and importance in both animal and human systems. With the recent availability of several systems to study human B cell function in vitro, considerable interest has centered around the precise nature of the T cell regulation of human B cell responses in both polyclonal and antigen-specific assay systems. Unfortunately, there have been conflicting data among sev-. eral of these systems (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Of particular note has been the divergence of results with regard to the radiosensitivity of T cell help and the relative contributions of allogeneic effects in the mitogen-induced vs. antigen-induced human B cell systems. Disagreement with regard to this latter point has led to difficulty in delineating the precise nature of genetic restrictions in T cell-B cell collaboration in antigen-specific responses as well in appreciating the scope of allogeneic effects in co-culture experiments now commonly used in the study of patients with immunemediated or immunodeficiency diseases.
Recently, in vitro systems have been developed for the study of antigen-induced, antigen-specific antibody production and secretion into culture supernatants by human B cells (11) (12) (13) (14) . The use of enzymelinked immunosorbent assays (ELISA)l has proven to be extremely useful in these studies because of their simplicity, sensitivity, and specificity. These advances have allowed for a more precise study of the mechanisms involved in antigen-specific B cell responses.
One of the main features that we noted during the development of a system for the study of in vitro antigen-specific responses to the soluble protein antigens keyhole limpet hemocyanin (KLH) and tetanus toxoid was a marked dichotomy in the conditions required for stimulation with specific antigen vs. pokeweed mitogen (PWM) (14) . In this study, we sought to determine if this dichotomy was reflected in the nature of the T cells and/or the B cells involved in specific as opposed to nonspecific B cell triggering. In fact, marked differences were found in terms of precursor frequency and radiosensitivity between antigen-induced and mitogen-induced T cell help.
In addition, having developed a systern for the in vitro study of antigen-induced, antigen-specific antibody production in man, we were interested in delineating the nature of the allogeneic effects that might be operative in co-culture experiments of allogeneic T cells and B cells, with the ultimate purpose of addressing the question of the genetic restriction, if any, in T cell-B cell collaboration in the present system.
METHODS
Immunizations. Normal subjects, aged 18-30 yr, received two subcutaneous injections of 5 mg KLH (Calbiochem-Behring Corp., American Hoechst Corp., La Jolla, CA), which had been dialyzed against phosphate-buffered saline (PBS) and passed through a 0.45-jm millipore filter (Milipore Continental Water Systems, Bedford, MA). Injections were spaced by 2 wk, and peripheral blood buffy coats were obtained 2-3 wk following booster injection. All procedures were carried out under peer-reviewed National Institutes of Health protocols.
Cell separations. Peripheral blood buffy coats were obtained by the technique of manual plasmapheresis. In this procedure, 450 ml of whole blood was removed into a sterile blood bag (Travenol Laboratories, Edison, NJ) that contained 2,500 U of heparin. While the donor's intravenous access line was kept open by a saline infusion, the blood bag was centrifuged at 2,400 rpm for 3 min in a Sorval model RC-2B refrigerated centrifuge (DuPont Instruments-Sorval Biomedical Div., DuPont Co., Wilmington, DE). The plasma layer and buffy coat were then transferred to a separate bag with the use of a plasma extractor, and the erythrocytes returned to the donor. The bag containing the buffy coat and autologous plasma was then spun at 600 rpm for 15 min, and the resulting cell pellet used as the source of peripheral blood mononuclear cells (PBMNC). For this series of experiments, these cell pellets were diluted with three parts of PBS and placed over Hypaque-Ficoll gradients in a standard fashion (15) (19) and screened rabbit serum as previously described (14) . Assays. Specific and total Ig production were measured using the ELISA, as has been previously reported (12, 21) . All incubations were performed in volumes of 0.1 ml. Specific anti-KLH IgM was quantitated in terms of a hyperimmune reference serum. One DTM unit has been defined as the amount of KLH-specific IgM present in 1 ml of a 1:10,000 dilution of the reference serum (12) .
Statistics. Data are expressed as geometric means times or divided by SEM where appropriate.
RESULTS
Precursor frequencies for antigen-induced vs. mitogen-induced T cell help. In experiments designed to determine the precursor frequency of T cell help, triplicate cultures were set up at T cell concentrations ranging from 1,250 T cells/culture to 1,600,000 T cells/culture; all cultures contained 250,000 B cells with monocytes. The initial experimental point where two-thirds of the cultures manifested anti-KLH antibody production was chosen as the point most closely approximating precursor frequency for the desired helper T cell. Marked differences were seen between antigen-induced and PWM-induced systems in terms of helper T cell precursor frequency. The average precursor frequency for antigen-induced help was -5% of the average precursor frequency for PWMinduced help (Table I ). It is obvious that there is considerable variability in precursor frequency of helper T cells in human peripheral blood with antigen-induced T cell help ranging from 1:100,000 to 1:800,000 T cells and mitogen-induced T cell help ranging from 1:5,000 to 1:100,000 T cells. The variability from person to person may well reflect the dynamic state of the T cell repertoire in human peripheral blood. However, despite this variability, the differences between antigen-induced and PWM-induced T cell help are striking and represent a consistent phenomenon.
Radiation sensitivity of antigen-induced and mi- togen-induced T cell help. Having established a major difference between antigen-and mitogen-induced systems in terms of helper T cell precursor frequency, we next examined potential qualitative differences in the nature of the T cell help in terms of sensitivity to ionizing radiation. As shown in Fig. 1 , following treatment with 1,000 R, T cells were unable to deliver help for antigen-induced, antigen-specific antibody production. This occurred despite the ability of these same irradiated T cells to provide not only adequate help, but in fact enhanced help in a system of PWM-induced antigen-specific antibody production. To determine whether this dichotomy between antigen-and mitogen-induced T cell help was simply a reflection of the differences in precursor frequency noted above, graded numbers of irradiated or nonirradiated T cells were added at limiting numbers to cultures containing 250,000 B cells (plus monocytes). 8 to 16 times as many irradiated T cells as nonirradiated T cells were required to provide the same degree of T cell help in KLH-induced, anti-KLH antibody production (Fig. 2) . Thus, when the substantial differences from donor to donor in terms of T cell precursor frequency were controlled for by performing cultures at limiting numbers, all six subjects studied showed a marked reduction in antigen-induced T cell help following treatment of the T cells with 1,000 rad. In contrast, PWM-induced T cell help was relatively radioresistant, even when studied at limiting numbers of T cells (Fig. 3 ). Following treatment with 2,000 rad, the ability of low numbers of T cells to provide help fell by only 50%. In addition, at higher numbers of T cells, the helper activity of irradiated T cells was substantially greater than that of the nonirradiated T cells. Thus, with respect to precursor frequency and radiosensitivity, the T cells involved in antigen-induced, antigen-specific antibody production and those in- volved in PWM-induced antigen-specific antibody production differ substantially. Antigen-specific B cell precursor frequency. In contrast to the differences seen in the T cell precursor frequencies for antigen-and mitogen-induced systems, the B cell precursor frequencies for the two systems were approximately the same (Fig. 4) . Furthermore, this precursor frequency was strikingly similar from subject to subject. In the six subjects studied in this manner, the average precursor frequency for both antigen-induced B cells and mitogen-induced B cells was 1:7,500 sIg-positive cells.
Radiation sensitivity of antigen-induced T cellmediated suppression. We have demonstrated in the present system of antigen-induced, antigen-specific responses that low concentrations of antigen ng/ml) induce substantial specific antibody production (12, 14) . However, high concentrations of antigen (20 Mg/ml) actually inhibit specific antibody production.
This inhibition of specific antibody production by high-dose antigen has been shown to be specific for the antigen in culture, since polyclonal Ig responses were not inhibited and in fact were increased by stimulation with high concentrations of antigen (12) .
A series of experiments were performed to determine whether this inhibition of specific antibody production by high concentrations of antigen could be reversed by irradiating the T cells. In 10 subjects studied, eight manifested good antibody responses to low concentrations of antigen with the expected suppression of specific antibody responses with high concentrations of antigen. Irradiation of T cells with 100 to 2,000 rad did not reverse this inhibition of specific antibody production (data not shown) and in fact only decreased the ability of the T cells to provide help. However, an interesting phenomenon was observed in the two remaining subjects. These two individuals were very poor responders to even low concentrations of antigen (concentrations that elicited maximal responses in the other eight subjects). As with the other eight individuals, higher concentrations of antigen did not elicit specific antibody responses in these subjects, but did result in polyclonal activation. In these two subjects, neither their unfractionated PBMNC nor cocultures of their purified T cells added back to their B cells (with monocytes) produced specific antibody in response to low concentrations of antigen. However, when their T cells were irradiated with 100 to 500 rad before culture, substantial antigen-induced, antigenspecific antibody responses were observed (Fig. 5) duced, antigen-specific antibody responses in vitro, we sought to delineate the nature of the allogeneic effects that might be operative in co-culture experiments of allogeneic T and B cells. The ultimate goal of such coculture experiments would be to eventually enable us to address the question of genetic restriction, if any, in human T cell-B cell collaboration in the present system.
In the first series of experiments, fresh, nonirradiated T cells from one subject (either immunized or nonimmunized to the antigen in question) were added to antigen-stimulated cultures of unfractionated PBMNC of another unrelated or related immunized subject. Under these conditions, potent negative allogeneic effects were consistently seen (Fig. 6 ). This suppression of antigen-induced, antigen-specific antiAntigen-induced Human T Cell Help 
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body production by PBMNC of one subject by the T cells of another subject occurred whether the donor of the T cells was totally unrelated, or a first degree relative. Furthermore, suppression occurred whether the donor of the T cells was immunized or nonimmunized to the antigen used in the cultures (KLH).
The next series of experiments were directed towards the elimination of these potent T cell-related negative allogeneic effects by prior treatment of the allogeneic T cells with either low-dose irradiation (500 R) or the antisuppressor T cell monoclonal antibody OKT8 and complement. Either low-dose irradiation or elimination of OKT8-positive cells completely abrogated the negative allogeneic effects demonstrated in Fig. 6 (data not shown) . However, the remaining OKT8-depleted or irradiated allogeneic T cells exerted potent positive allogeneic effects when co-cultured with unfractionated PBMNC or B cells from an immunized subject, and cultures produced substantial amounts of antigen-specific antibody, even in the absence of antigen (Fig. 7) . These positive allogeneic effects were quite nonspecific in that they occurred regardless of the immune status of the T cell donor, whether the responding cell population consisted of unfractionated PBMNC or simply B cells (with monocytes) alone, and with unrelated as well as motherdaughter pairs. In other words, the positive allogeneic effects created by the treated T cells-induced antibody production in the antigen-specific B cells via a polyclonal or nonspecific signal. Thus, the complex positive as well as negative allogeneic effects seen in allogeneic co-cultures precluded the examination of the genetic restrictions involved in human T cell-B cell collaboration in this system under the present conditions.
DISCUSSION
The present study has clearly demonstrated marked differences between antigen-and mitogen-induced human T cell help in terms of precursor frequency and radiosensitivity. In addition, the complexities of the T cell-B cell interactions operative in human antigen-specific antibody production have been explored through the observations on radiosensitive suppressor T cells and the presence of both positive and negative allogeneic effects. FIGURE 5 Radiation-sensitive T cell-mediated suppression. In this nonresponding immunized subject, T cells were treated with 0-500 rad before culture.
The ability of ionizing radiation to suppress humoral immune responses has been recognized for many years in both in vivo and in vitro systems (22) . The earliest in vitro observations on this phenomenon suggested that the suppression was solely at the level of the B cell with T cell help relatively radioresistant (23) . However, subsequent studies in the murine system examining the nature of T cell help at limiting num- degree of radiosensitivity to the T cell help that could only be appreciated at limiting numbers of T cells (6) . The previous studies on antigen-induced T cell help in the human system have been "conflicting," with some investigators noting radiation sensitivity and others noting a radiation resistance to antigen-induced T cell help (10, 25) . The data present in this study using an antigen-specific system have confirmed the earlier observations on the effect of irradiation on PWM-induced T cell help and have provided evidence that the T cell involved in antigen-induced, antigen-specific antibody production is, in contrast to some earlier reports (8, 10, 25) , exquisitely sensitive to radiation. Irradiation can have a number of effects on the expression of cellular function. One of the most profound of these is on the ability of cells to proliferate. Radiation-mediated blockage of cellular proliferation is the most likely explanation for the differences in radiation sensitivity observed in the present study between antigen-induced and mitogen-induced T cell help. The simplest explanation for this phenomenon would be the fact that the antigen-induced helper T cell occurs at a much lower precursor frequency than the mitogen-induced helper T cell. In other words, indiscriminate elimination of a portion of the T cell pool with radiation might have left an adequate number of T cells to respond to mitogen, but an insufficient number of T cells to respond to antigen. However, when these differences in precursor frequency were controlled for by studying T cell dose-response curves at limiting numbers of irradiated or nonirradiated T cells, T cells involved in antigen-induced help were still found to be at least eight times more sensitive to irradiation than mitogen-induced T cells. Hence, in this system, there are striking differences between antigen-induced and mitogen-induced T cell help with respect to both precursor frequency and radiosensitivity, and one cannot totally account for the other. This observation is consistent with earlier observations that T cells do not need to divide in order to provide help for the polyclonal B cell differentiation in response to PWM (4) . In addition, it is consistent with the findings in the murine models that have demonstrated a need for T cell division in the generation of antigen-induced B cell responses (26) . In other words, the peripheral blood lymphocyte pool contains, in relatively high numbers, T cells that have already differentiated into a type of helper effector cell that is able to be mitogen activated without undergoing proliferation. In contrast, T cells programmed to provide antigen-induced help appear to have a need for cell division before final differentiation into helper effector cells. This need for proliferation, which is at least partially independent of the need for expansion of the cellular pool, may be associated with the expression of essential new genetic material during the process of differentiation. This explanation would predict that once T cell help was generated by antigen it would then be relatively radiation resistant with respect to the effector phase of T cell help.
Another possibility is that the antigen-induced responses may involve a more complex series of T cell-T cell interactions than the mitogen-induced responses. If one of the cell types involved in such interactions 644
H. C. Lane, G. Whalen, and A. S. Fauci was exquisitely sensitive to radiation, even if it were not itself an antigen-induced cell, the overall T cell response would appear radiation sensitive. Similarly, if such a cell occurred at a relatively low precursor frequency, it could explain the differences noted in T cell precursor frequency between antigen-and mitogen-induced help as well as the differences noted between the precursor frequencies for antigen-induced T cell help reported here and antigen-induced T cell proliferation reported by others (27) . Studies are currently underway to test these hypotheses. The fact that some degree of antigen-induced T cell help was able to be generated by large numbers of irradiated T cells (Fig. 2) suggests that there may be two populations of antigen-induced helper T cells in the peripheral blood lymphocyte pool: an extremely radiation-sensitive one and a relatively radioresistant one. This latter population may represent a small subpopulation of antigen-reactive cells that have already been activated and generated in vivo and do not need to divide for their final differentiation into helper effector cells. Similar subpopulations of T cells have been described in the murine systems (28) . Alternatively, the irradiated T cell may have some degree of helper activity, which is only seen at high cell numbers.
As mentioned earlier, previous studies have claimed that human antigen-induced T cell help is radiation resistant (10, 25) . The reasons for the discrepancies between the data presented here and these earlier studies are unclear. However, possible reasons include a failure to conduct experiments at limiting numbers of T cells, prior in vivo activation of the antigen-specific helper T cell, or the presence of radiation-resistant polyclonal features in some of these systems.
Two of the subjects studied in this series of experiments exhibited an element of radiation-sensitive T cell suppression. In these subjects, low in vitro concentrations of antigen were unable to stimulate co-cultures consisting of nonirradiated T cells and B cells (plus monocytes) to produce specific antibody. However, when the T cells were treated with 500 R before co-culture with autologous B cells, the co-cultures produced substantial quantities of specific antibody in vitro in response to low concentrations of antigen. This phenomenon is probably due to the presence of suppressor T cells (presumably OKT8+ cells) and is analogous to the phenomenon of low-zone tolerance, which has been well characterized in the mouse (29) . Of note is the fact that it was seen in only two out of 10 subjects studied in this manner. In the remaining eight subjects, low-dose irradiation resulted in decreased specific antibody production. These experiments were initially designed to determine if the antigen-specific suppression of in vitro antibody production seen at high (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ug/ml) in vitro concentrations of antigen was due to the generation or activation of suppressor T cells. In contrast to the previously reported findings of others working in human antigen-specific systems (10, 30), we have been unable to demonstrate a T cell contribution to this suppressor phenomenon. In fact, our subsequent studies in this area suggest that not only are suppressor T cells not generated by high-dose antigen stimulation but that under these conditions more potent T helper effects are seen. The suppression of in vitro antibody production by high concentrations of antigen appears to be due to a direct effect on the B cell (31) .
The present study has demonstrated that PWM-induced T cell help is able to be generated with -/20 the number of peripheral blood T cells that are required for the generation of antigen-induced T cell help. This difference is presumably due to differences in precursor frequencies for these subsets of helper T cells and suggests that the signals for specific and nonspecific T cell-B cell collaboration may be delivered by different subpopulations of T cells. In contrast, the B cells involved in antigen-induced, antigen-specific antibody production and those involved in PWM-induced antigen-specific antibody production were found to occur with approximately the same precursor frequency. Thus, similar to the murine antigen-specific systems, and in contrast to the human influenza system (32), the antigen-induced helper T cell, which cooperates with antigen-specific B cells, is the limiting factor in the in vitro induction of antigen-specific antibody production. This difference from the human influenza system, where the B cell has been shown to be the limiting cell type with respect to the in vitro induction of specific antibody, may be due to differences between the two systems with respect to the composition of the peripheral blood lymphocyte pool, which is known to fluctuate greatly as a function of time following antigen exposure. In the influenza study (32) , responses were contingent upon natural infection with influenza virus, while in the present study subjects were immunized with a soluble protein antigen, and studies were performed at defined time periods following immunization.
The discovery of at least a 20-fold difference between circulating numbers of antigen-inducible and mitogeninducible T helper cells can explain our earlier observation that although low cell densities were adequate for the generation of PWM-induced antibody responses, higher cell numbers were generally required for the expression of antigen-induced responses. In addition, we have previously reported that at the higher cell numbers required for the induction of specific antibody production by antigen, PWM-induced responses were generally absent. This latter observation is presumably explained by the finding, demonstrated here in an antigen-specific system and reported by others in polyclonal systems (1, Antigen-induced Human T Cell Help 645 5, 6) , that excessive numbers of T cells suppress a PWMdriven response.
Alloreactivity is known to be able to give rise to either an enhancement or a suppression of the immune response (33, 34) . Clearly, the dominant allogeneic effect in the two-way mixed lymphocyte reaction of this system is suppression. The generation of this negative effect is dependent upon the presence of a radiation-sensitive, OKT8+ subset of T cells in culture and is able to completely override the stimulatory effects of low in vitro concentrations of antigen. This is similar to the findings in the murine system that radiation-sensitive, Lytl-2+ T cells can mediate a potent negative allogeneic effect on the capacity of primed cells to develop a secondary in vitro antibody response to antigen (33) . In contrast to the findings of others (24, 35) , who have noted negative, but not positive, allogeneic effects in human antigen-specific antibody production, we have consistently noted potent positive allogeneic effects independent of the presence of antigen in culture, which were only appreciated after the negative allogeneic effects were abrogated either by low-dose irradiation or elimination of OKT8+ T cells. This effect is presumably similar to that seen by the addition of mixed lymphocyte reaction supernatants to unfractionated PBMNC (35, 36) or to T cell-depleted populations (36, 37) . The potency of these allogeneic effects, seen even among first degree relatives, has hampered our efforts to address the question of the presence or absence of genetic restriction in the current system.
It is hoped that the recent development of antigen-specific T cell clones (38) may make the answer to this fundamental question in human immunobiology more approachable.
The present study has thus demonstrated a marked dichotomy between antigen-induced and mitogen-induced T cell help with regard to precursor frequency and radiosensitivity. These differences provide strong evidence that in the human system specific and nonspecific T cell signals are delivered by different subpopulations of T cells. In addition, a complex set of both positive and negative allogeneic effects has been described, which must be taken into account in any experiments involving co-culture of cells from different donors. The further use of systems such as this should be of great value in probing the intricacies of human antigen-induced B cell activation and immunoregulation.
